Biomineralization of bone, a controlled process where hydroxyapatite nanocrystals preferentially deposit in collagen fibrils, is achieved by the interplay of the collagen matrix and non-collagenous proteins.
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Introduction
Biomineralization of extra-cellular matrices (ECMs), a process for the formation of hard tissues, involves a controlled deposition of calcium phosphate minerals into an organic matrix, through which the mineralized tissues endow elaborate morphologies and outstanding mechanical properties. [1] [2] One of the most representative examples in biologically controlled mineralization is the intrafibrillarly mineralized type I collagen fibril, the basic building block of bone and dentin, in which collagen fibrils act as an organic template in directing the infiltration and orientation of hydroxyapatite (HAp) nanocrystals. [3] [4] [5] Investigations on intrafibrillar mineralization of collagen fibrils using in vivo and in vitro models have indicated that this process requires 1) collagen molecules self-assemble into a highly ordered structure that provides highly charged zones and nanoscale compartments for mineral infiltration, deposition and orientation; and 2) HAp crystals form via a polymer-induced liquid-like amorphous calcium phosphate (ACP) phase. 4, [6] [7] [8] Type I collagen is the most abundant ECM protein in vertebrates which consists of three left-handed polyproline peptide chains intertwined in a right-handed manner. 9 The triple-helical collagen molecules are packed in a quasi-hexagonal mode to form 4-nm microfibrils which further bundle into fibrils. [10] [11] [12] Collagen molecules align in a parallel and staggered array, showing a 67-nm D-periodic banding pattern where the gap zone is 35 nm and the overlap zone is 32 nm. 13 Many studies have indicated that acidic non-collagenous proteins (NCPs)-osteopontin, phosphorylated dentin phosphophoryn (DPP), fetuin and the C-terminal fragment of the dentin matrix protein 1 (C-DMP1)-present in the ECMs, play an important role in mineralization by nucleating HAp crystallization, inhibiting crystal formation, or modulating crystal growth. 14 Inspired by the role of NCPs in bone and dentin formation, intrafibrillar mineralization of collagen fibrils has been successfully reproduced in vitro using the polymer-induced liquid-precursor (PILP) process where polyaspartic acid (PASP) was used as a substitute of NCPs. 4, [15] [16] Further studies on the in vitro mineralization model demonstrated that the PASP stabilizes ACP phase in the form of highly negatively charged nanoclusters which were preferentially attracted into the highly positively charged a-band of collagen fibrils located at their gap zones.
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Page 3 of 25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 Consequently, the liquid-like ACP nanoclusters solidify into HAp in the gap zone and then grow along the fibril that their c-axes are oriented nearly parallel along the long axis of the fibrils. 4 While a number of attempts have been succeeded in duplicating the nanostructure of bone using negatively charged polymers as an analogue of the NCPs, the development of alternative organic matrices which can mimic structural features and functions of collagen in directing mineralization is still on the early stage. Besides, the role of collagen matrix in mineralization, in terms of controlling mineral infiltration and crystallization, as well as guiding the crystallographic orientation of the hydroxyapatite nanocrystals, has not been well understood yet.
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The ability to achieve intrafibrillar mineralization in synthetic systems is also highly attractive as it helps to identify key strategies for controlled deposition of calcium phosphate minerals and provides guidance for the development of next generation hard tissue-related materials. A number of experiments have been carried out in an attempt to mimic mineralization of collagen fibrils using a polymeric matrix as an analogue of collagen and traditional mineralization processes, such as incubation in simulated body fluid. In most cases, only surface precipitation of calcium phosphate crystals can be obtained in synthetic matrices, e. g. polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL). [19] [20] [21] In preliminary studies, epoxy resin and PMMA blocks were incubated in the PILP solution and no mineral was formed in these polymers either (data not shown). It is likely that the molecules in these polymeric matrices were so densely packed that the infiltration of minerals was highly inhibited. In contrast, the organic matrix with nanoporous structure seems to be the most promising structural template for mineralization as it provides nanoscale confinements for mineral infiltration within. Because collagen fibrils provide gap zones and interstitial spaces around collagen microfibrils for mineral deposition, it is reasonable that the intrafibrillar mineralization requires construction of the compartment or space to occur first in the fibril so it can regulate the mineral infiltration into the localized space. 6, 22 Tropoelastin and elastin-like polypeptides/recombinamers (ELRs) are thermally responsive molecules.
Below a given temperature, i.e., the inverse transition temperature (T t ), tropoelastin and its synthetic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 analogs-the ELRs, remain soluble and have their β-spirals in extended (unfolded) state. 23 Upon Tt, the ELRs self-assemble into a hierarchical organization at multiple length scales ranging from folded β-spirals, 5-nm diameter filaments, to fibrils with a diameter less than a few hundred nanometers. [24] [25] [26] The initial self-assembled structure, the so-called β-spiral, is of particular interest. Because of the helical recurrent formation of type II β-turns, one per each repeating (VPGXG) unit, it forms β-spiral immediately after the temperature goes above its T t. . 27 This β-spiral is quite dynamic, much more than, e.
g., an α-helix, which is stabilized by inter-turn hydrogen bonds that do not exist in the β-spiral.
For the interest of this work and according to Urry et al., 28 in the model β-spiral, each poly(VPGXG) macromolecule creates a 1.8-nm wide helix with a hydrophilic hollow core and a 1-nm periodic inter-turn along the helix. These β-spirals further associate into multi-stranded twisted filaments.
In the presence of minerals, the interstitial spaces between these β-spirals might serve as the nanocompartment for mineral deposition and the organization of molecules along the ELR fibrils might direct crystal growth. The inclusion of a bioactive peptide domains in poly(VPGXG) influences the formation of the β-spiral and it may further affect the mineralization process. Note the bioactive sequence causes disturbance of the helical recurrent formation of type II β-turns. 29 As shown in Table 1 31 Our previous study has also demonstrated that the CaP minerals preferentially deposited into the ELR hydrogels with controlled morphologies. 32 As the hierarchical structure of ELRs (from amino acids, β-spiral, filament to fibril) is of particular analogy to that of collagen (from amino acids, triple-helix, microfibril to fibril), the differences in structure and potential interaction with calcium and 
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Materials and Experimental Methods
2.1.
Preparation of self-assembled ELR fibrils.
The lyophilized ELR powders were dissolved in deionized water at 4 °C overnight to obtain solutions of 5 mg/ml and 20 mg/ml, respectively. They were then transferred into PTFE molds (dia. 4 × 2 mm) and incubated at 37 °C for 20 min to induce self-assembly. After being taken out from an incubator, the molds were immediately immersed into liquid N 2 and lyophilized overnight to obtain ELR sponges composed of self-assembled ELRs. The ELR sponges without self-assembly were prepared by directly 
Mineralization of ELR Fibrils via the PILP Process.
ELR fibrils, obtained from the aqueous solutions of 20 mg/ml, were biomimetically mineralized with calcium phosphate via the polymer-induced liquid-precursor (PILP) process. Preparation of the PILP solution is detailed in the Supporting Information. The cross-linked ELR fibrils were incubated in 20 mL of the PILP solution at 37 °C for mineralization and the PILP solution was refreshed every 3 days. After mineralization at the predetermined period, the ELRs were removed from the solution, thoroughly washed with deionized water and lyophilized for characterization.
2.3.
Characterization. Secondary structure of IK24 and the effects of temperature on its conformational change were investigated by circular dichroism spectropolarimetry (JASCO J-815 spectropolarimeter, JASCO Inc., Easton, MD) equipped with a temperature controller. The recombinant biopolymer solution (IK24, 0.3 mg/mL in deionized water) was incubated in a 0.1-cm path length quartz UV cuvette with a sealable cap.
CD spectra were obtained by signal integration of 3 scans from 190 to 260 nm at a scan rate of 50 nm/min.
The spectra were acquired from 15 °C to 45 °C with a 5 °C increment and vice versa. The solution was equilibrated at each temperature for 5 min before scanning. JASCO spectral analysis software was used to process CD data. FTIR analysis of the lyophilized ELR fibrils before and after mineralization was performed in a Thermo Scientific Nicollet iS50 FT-IR spectrometer, equipped with a built-in diamond attenuated total reflection (ATR) for single-spot ATR measurement. Each spectrum was the result of signal-averaging of 32 scans at a resolution of 4 cm -1 , and the wavenumber ranged from 400 to 4000 cm -1 .
For the spectra used for deconvolution analysis, 128 scans at a resolution of 2 cm -1 were applied. All spectra were transmittance spectra after background subtraction. Smoothing of spectra was carried out with a step of 11 data points, using the Savitzky-Golay Function. 33 Second derivatives of the spectra were obtained using a step of 13 data points to identify discrete absorption bands that make up the complex amide profile. To measure the relative areas of the amide I components, peak fitting of the spectra was performed by using OriginLab Software (Microcal Inc.). The relative areas of the single bands were used to determine the fraction of the secondary structures.
Both semi-environmental and field-emission scanning electron microscopy (Hitachi TM-3000 and JEOL 6500, Japan) were used to analyze the morphology of self-assembled ELR fibrils before and after mineralization at an accelerating voltage of 15 kV and 5 kV respectively. For FE-SEM, the lyophilized samples were mounted on aluminum stubs with double-sided carbon tape and sputter coated with 5 nm Pt.
A TEM (FEI Tecnai T12, Hillsboro, OR, USA) operated at 120 kV was used to record TEM images of the specimens. Selected-area electron diffraction (SAED) and dark-field imaging were performed to identify the crystalline structure and the orientation of the crystals. The stained grids were rinsed with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 deionized water and air-dried. Ultrathin TEM sections (~ 80 nm) of the mineralized IK24 fibrils were prepared by embedding them into epoxy resin, cut with a diamond knife on an ultramicrotome (Leica Reichert UltraCut S) and then collected on 300-mesh copper grids.
Crystal structure of the minerals was analyzed using a two-dimensional x-ray microdiffractometric system (Bruker AXS, Germany) operated at 45 kV and 40 mA. The incident angle was set at 15° and detector position was fixed at 30°, which covered the angular range from 15 to 45° in 2θ. The data collection time was 1000s and the results were analyzed using JADE8 software (Materials Data Inc, JADE, Livermore, CA, USA).
Results and Discussion
Reversible thermal-responsive behavior and secondary structure of ELRs
Five types of ELRs were used in this study. Their sequences and physicochemical properties are listed in Table 1 . We first investigated the secondary structures and reversible thermal-responsive behavior of ELRs in aqueous solutions. Figure 1A and 1B show the thermally driven conformational transition of IK24 determined by CD. A strong negative band below 200 nm and a weak negative band near 220 nm are the typical spectral feature of the polyproline II left-handed helix (PPII) CD spectra. 34 The intensity of the strong negative band at 198 nm was gradually reduced with the increase of temperatures ( Figure   1A ), indicating conformational transition toward a more folded state. This conformational transition is reversible since an opposite trend was observed by decreasing the temperature ( Figure 1B ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 between ordered and amorphous forms of IK24 ( Figure 1C and 1D) . The amide I band of IK24 at both 4 and 37 °C showed a line shape of the β-spiral. The main absorption band at 1625 cm -1 is commonly assigned to β-sheet. [35] [36] [37] The component around 1649 cm -1 is usually assigned to α-helix structure. 38 A low frequency component near 1616 cm -1 and a high frequency component near 1670 cm -1 are commonly assigned to β-sheet aggregates and β-turn, respectively. 39 When the amide I band was deconvoluted using
Fourier self-deconvolution ( 
Fibrillar structure of the self-assembled ELR fibrils
Tropoelastin and ELRs can self-aggregate into a packed fibrillar structure through thermally driven phase transition. [40] [41] At the concentration of 20 mg/ml, IK24 appeared as a film-like amorphous structure at 4 °C (Figure 2A ), whereas they self-assembled into long fibrils with branches at 37 °C ( Figure 2B ).
Subfibrillar structures, filaments, were observed on the TEM image, showing dark strands in the negatively stained IK24 fibril ( Figure 2C) . A fibrillar structure with a helical twisted rope-like substructure has been found from the heat aggregated poly(VPGVG). [42] [43] In our study, the appearance of PPII helix, β-sheet and β-turn found from the CD and FTIR indicated the existence of the β-spiral. 44 Association of β-spirals by hydrophobic interactions resulted into the twisted filaments that were laterally 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 packed into fibrils, 27 consisting with the dark strands in ELR fibrils found in the TEM images. Because fibril formation only resulted into shrinkage of the β-spiral into a more folded state, 27 no dramatic change on the content of the major secondary structures was found when the temperature was increased (Table 2 ). All ELR studied here, IK24, VK24, REDV, HSS1 and HSS3, were self-assembled after 20 min of incubation at 37 °C ( Figure 2D ). At the low concentration, e. g. 5 mg/ml, ELRs appeared primarily as globular clusters with diameters ranging from 100 to 400 nm. They were self-organized into fibrillar networks at the concentration of 20 mg/ml. It has been suggested that the fibrillar structure is determined by the Gly(G) and Pro(P) residues in pentapeptide sequences. 27 Because VPGVG and VPGKG are the major sequences of the ELRs studied here, formation of fibrillar structure is in support of the role of these pentapetide sequences in superstructure organization. Globular spheres were also found in 20 mg/ml of HSS3. The observed granules might be on the process of structural rearrangement to form fibrils because they have also been found from poly(GVGAP), immature self-aggregated tropoelastin, and other recombinant elastin-like polypeptides. 25 
Mineralization of the self-assembled ELR fibrils
As the self-assembled ELR fibrils can be easily dissolved in aqueous solution, a chemical cross-linking reaction using isocyanate was performed to fix their fibrillar structure before biomimetic mineralization.
After 7 days of mineralization, the fibrillar structure was still observed in all ELRs studied here ( Figure   3A to 3E). IK24 and VK24 showed granular morphology from both the surface and the inner side of the fibrils indicating that the minerals have infiltrated within them. In contrast, the surface of REDV fibrils was also granulated but displayed a much smoother surface than that of IK24 and VK24. HSS1 and HSS3 showed needle-like crystals on their surface probably due to the overgrowth of the mineral. XRD confirmed that the minerals were HAp nanocrystals as the characteristic peaks of HAp, from the crystal planes of (002), (210), (211), (202), (130), (131) and (113), were observed ( Figure 3F ). ATR-FTIR spectroscopy analysis ( Figure S2 ) on ELR fibrils before and after 7 days of mineralization revealed the appearance of strong peaks at 1022, 874, 601 and 560 cm -1 that were indicative of nonstoichiometric carbonated HAp crystallites. [45] [46] Although the mineralized fibrils were found in all five types of ELRs, it seems the fibrillar structure was not the stable state of the self-assembled REDV, HSS1 and HSS3. As shown in Figure S1 , the mineralized REDV, HSS1 and HSS3 sponges were much denser than that of IK24 and VK24 suggesting the fibrils have coalesced before mineralization. This indicates that the incorporation of these short 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 by the peculiar conformational constrains of proline along with the non-bulking side chain of the glycine.
Combination of chain-direction shifting in each β-turn and the regularity of these β-turns along the polypeptide backbone leads to the emergence of a regular and peculiar helical secondary structure named β-spiral. 29 The presence of the charged bioactive domains, e.g. EEIQIGHIPREDVDYHLYP in REDV and DDDEEKFLRRIGRFG in both HSS1 and HSS3, may disrupt the formation of the β-spirals as they contain no P-G dipeptides. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 free solution because of the large contact between the nanoclusters and the compartment wall which can reduce the energy barrier for solidification and crystallization of these metastable nanoclusters. 47 Electrostatic interactions may not be critical for intrafibrillar mineralization.
32, 48
The cationic polyelectrolyte, polyallyamine hydrochloride (PAH), can also stabilize CaP in its supersaturated solution, forming positively charged nanoclusters. 49 When positively charged IK24 fibrils were incubated in the PAH stabilized mineralization solution for 3 days, granulation was found on both the periphery and fracture surface of the fibrils ( Figure 4C ) in contrast to the unmineralized ones ( Figure 4A ). Collagen fibrils have smooth surface and periodic banding patterns ( Figure 4B ). They were also successfully mineralized by the positively charged PAH stabilized ACP precursors showing minerals on the fibrils ( Figure 4D ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 8% of basic and 11% of acidic amino acids. 50 When collagen molecules are laterally registered to form native fibrils with D periodicity, highly positively charged regions are created in gap zones through which the negatively charged ACP nanoclusters are preferentially infiltrated in. 18 Because all ELRs contained positively charged lysine residues and they were highly positively charged at neutral pH except REDV, 
Crystal spatial organization in ELR fibrils
As shown in Figure 5 , the HAp nanocrystals in IK24 fibrils were needle-like in shape, less than 100 nm long and 10-20 nm wide. They were aligned along the long axis of the fibril. The arc-shaped diffraction of the (002) planes from the corresponding selected area electron diffraction (SAED) pattern indicated that crystals were oriented with their (002) planes parallel along the long axis of the fibril ( Figure 5A , S3A and S3B). Additionally, needle-like HAp nanocrystals oriented with their (002) planes roughly perpendicular to the long axis of fibrils and randomly oriented HAp crystals were also observed in some fibrils ( Figure 5E , S3C and S3D). In mineralized collagen fibrils, the orientation of HAp crystals has been generally considered to be directed by the stereochemical features of collagen, 52 whereas the confinement provided by the nanochannels within the fibrils also plays a critical role. 5 As the collagen triple-helices are aligned parallel in the axial direction of the fibril, crystals growth along the long-axis of 5 Oriented mineral growth has been achieved in self-assembled PCL-b-poly(acrylic acid) block copolymers decorated on PCL nanofibers. 53 Pluronic F127 triblock copolymers that created ordered structures containing periodic and nanoscale aqueous domains also successfully guided the orientation of HAp nanocrystals. 19 Oriented ultrathin CaCO 3 monolayers have also been achieved within the layered nano-gaps of smectic liquid crystalline networks. 54 In this study, of the fibrils and get aligned. Indeed, when collagen fibrils were poorly organized, the mineral infiltration and crystal orientation were highly interrupted. 6 In an organic template with a myriad of nanoscale compartments, each nano-compartment can serve as an independent reservoir for mineral deposition. Without the organic matrix, the PASP stabilized ACP nanoclusters are unstable. 55 These metastable nanoclusters tend to aggregate, coalesce, crystallize and grow into randomly oriented HAp nanocrystals via colloidal aggregation and phase transition. In the presence of the IK24 matrix without self-assembled fibrillar structure, the mineralization was highly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 inhibited and HAp nanocrystals grew into spherulites due to the limited accessible nanopores ( Figure S4 ).
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Conclusions
In summary, we have successfully achieved the intrafibrillar mineralization of ELR fibrils using a bioinspired approach learned from collagen mineralization, by which a stable inorganic-organic nanocomposite that mimics the nanostructure of bone, i.e. intrafibrillarly mineralized collagen fibrils, was obtained. Through thermally driven self-assembly, the ELR molecules spontaneously aggregated into fibrils composed of bundles of filaments. Polymer induced calcium phosphate precursors infiltrated into the interstitial spaces of the ELR fibrils and formed needle-like HA nanocrystals. In particular, these recombinamers composed of only (VPGXG)n domains (IK24 andVK24) showed thoroughly and homogeneously intrafibrillar mineralization, whereas other recombinamers (REDV, HSS1 and HSS3) that contained additional bioactive sequences disturbed their initial β-spiral self-assembly and demonstrated different mineralization feature. These results indicate that the self-assembled superstructure, i.e., a continuum β-spiral structure and an unperturbed fibrillar structure, rather than electrostatic interactions or bioactive sequences in the recombinamers, play the key role in the intrafibrillar mineralization. Accomplishment of the intrafibrillar mineralization in ELRs fibrils provides a new approach to the development of bone-like biomaterials. It also brings new insights into other biomineralization systems, i.e., the elastin-related paths that lead to pathogenic vascular calcification. [56] [57] As the recombinant technology enables designing and producing well-defined ELRs, the superstructure and surface charges can be fine-tuned to explore their role in mineralization. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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